Proteins involved in peptide uptake and transport belong to the proton-coupled oligopeptide transporter (POT) family. Crystal structures of POT family members reveal a common fold consisting of two domains of six transmembrane α helices that come together to form a V shaped transporter with a central substrate binding site. Proton coupled oligopeptide transporters operate through an alternate access mechanism, where the membrane transporter undergoes global conformational changes, alternating between inward-facing (IF), outward-facing (OF) and occluded (OC) states. Conformational transitions are promoted by proton and ligand binding, however, due to the absence of crystallographic models of the outward-open state, the role of H + and ligands are still not fully understood. To provide a comprehensive picture of the POT conformational equilibrium, conventional and enhanced sampling molecular dynamics 1 simulations of PepT st in the presence or absence of ligand and protonation were performed. Free energy proles of the conformational variability of PepT st were obtained from microseconds of adaptive biasing force (ABF) simulations. Our results reveal that both, proton and ligand, signicantly change the conformational free energy landscape.
Introduction
Proton-coupled oligopeptide transporter (POT) is a group of membrane transporters know for their role in the cellular uptake of di-and tripeptides. The mechanism of peptide transport is conserved across all organisms and is one of the main route through which cells absorb nitrogen from the environment. 1,2 POTs are symporter members of the major facilitator superfamily (MFS) of transporters, which use the inwardly direct proton electrochemical gradient to promote the transport of peptide and peptide-like molecules across the cell membrane. In humans, the POT family transporters, PepT1 (SLC15A1) and PepT2 (SLC15A2), are found predominantly in the small intestine and in the kidney, respectively.
Both transporters recognize a diverse library of peptide substrates 3, 4 . In addition to peptides, they also play an active role in the oral absorption and renal retention spectrum of 2 drug compounds that exhibit a steric resemblance to peptides, including β-lactam antibiotics and peptiditic prodrugs, 5,6 which make them some of the most promiscuous transporters. Therefore, the substrate multispecicity of these proteins is of interest in various elds of science, particularly due to its potential relevance to medical applications. However, a detailed mechanism by which these proteins recognize and transport a huge diversity of substrates is currently absent.
The members of POT family exhibit a high degree of sequence conservation. This conservation between prokaryotic and eukaryotic PTR family members highlights the remarkable degree of the mechanistic conservation within this family of transporters. Although mammalian POTs are yet to be crystallized, several bacterial members have been crystallized and their 3D structure determined. Although the role of these additional helices is still unclear, their absence in other protein sequences suggests they are not involved in the conserved transport mechanism.
7,15
The peptide binding site is a hydrophilic cavity, located at the center of the membrane. This central cavity is formed by residues from H1, H2, H4 and H5 from the N-terminal bundle and from H7, H8, H10 and H11 from the C-terminal bundle. All the crystal structures determined exhibit the extracellular side of the binding site sealed, through the close packing of helices H1 and H2 against H7 and H8, forming an extracellular gate. On the other hand, the access to the binding site from the cytoplasm is restricted by an intracellular gate formed by helices 3 H4 and H5 (N-terminal side) and H10 and H11 (C-terminal side). The interaction between these helices occurs through residues that are conserved across POT members. In order to transport di-and tripeptides across the membrane, membrane transporters must undergo global conformational changes to alternate between inward-facing (IF), outwardfacing (OF) and occluded (OC) states, enabling the central peptide binding site to be alternately exposed to either side of the membrane (Figure 2 ). This model is commonly named as alternate access mechanism and describes the transport mechanism of MFS transporters.
A rocker-switch mechanism, an extension of the alternate access model, was proposed by Solcan et al. for POTs.
8 According to this model, the alternate access is achieved through rocking of the N-domain and C-domain over a rotation axis that crosses the central substrate binding site at the domain interface. The rocker-switch mechanism can be thought as a highly concerted global conformational change, where N-and C-terminal bundles rotate respective to one another.
While the structural dierences observed in crystallographic models provide information about the structural basis for the mechanism of POT transporters, many mechanistic details remain uncharacterized, partly due to the absence of outward-facing experimental models.
All POT crystal structures have been described as inward-facing or partly occluded inwardfacing, and thus can not be used to elucidate the IF ↔ OF conformational transitions. was used for visualization and gure preparation.
Adaptive Biasing Force simulations
The simulations performed here aimed the comprehensive proling of the free-energies involved in conformational transitions of the PepT st transporter under dierent conditions.
Overcoming the high barriers that separate the thermodynamic states of interest can be highly inecient when using conventional Boltzmann weighed sampling. To circumvent the inherent diculties of Boltzmann sampling, the Adaptive Biasing Force (ABF) method 36, 37 was used to map the free-energies along reaction coordinates involving the opening and closing of the intracellular and extracellular gates. This methodology is currently one of the most ecient strategies for accelerated conformational sampling in MD simulations.
ABF is a strategy for accelerated sampling and free-energy proling along a reaction coordinate. The idea behind the adaptive biasing force algorithm is to preserve the dynamic characteristics of the system, while attening the potential of mean force (PMF) in order to eliminate free-energy barriers and, consequently, accelerating transitions between states.
In practice, the instantaneous force acting on atoms that dene the reaction coordinate is calculated and averaged. After a good estimation of the average force, an external biasing force, with the same modulus but opposite direction is applied to the system. Then, the total force acting along the reaction coordinate will be on average null, and the system will experience a nearly at potential of mean force. More details of the method with rigorous descriptions can be obtained elsewhere
The ABF simulations were performed as implemented in NAMD. As we aimed to explore the conformational variability associated with transitions between inward-facing, occluded and outward-facing conformations, the reaction coordinate should characterize the movement of opening/closing of the intra-and extracellular gates. A two dimensional free energy landscape was generated using as reaction coordinates two distances: 1) the center of mass (COM) distance between the tips of H1-H2 and H7-H8 and 2) the COM distance between the tips of H4-H5 and H10-H11 ( Figure 1A) . The tip of an helix was dened as the rst (or last) ten residues of the helix. Only the C α atoms were considered for calculation. The distances were sampled by ABF simulations within 10 and 25 Å with a precision of 0.1 Å. To restrain the movements of the atoms inside the region of interest, harmonic boundary potential with a 10 kcal mol −1 Å 2 force constant was applied. The ABF force was only applied after 5,000
samples of the mean force were generated in each bin. For each system, a total of 2.0 µs of ABF simulations were performed. These simulations were divided in 20 independent sets of 100 ns each, starting from the crystallographic models and from intermediary transport states obtained during the simulations. The convergence of the free-energy proles was checked by computing the root mean square of the ABF forces. The proles were considered converged if their root mean square was smaller than 0.2 kcal mol −1 . For regions with poor sampling, additional windows were inserted to enhance sampling.
3 Results and discussion 3.1
Accessible Conformations of PepT st
A denitive way to determine the accessible conformations of a system is through their conformational energy prole. The energy landscape of a protein is generally described as a rough surface, which means that a protein will have multiple energy minima, depending on its environment and interactions. The depth of the energy minima describes the thermodynamic stability of a protein; on the other hand, the heights of the barriers separating energy minima 8 correlate with protein's kinetic stability, i.e., how readily it can leave one conformation and sample another. Thus, the ability of the protein to sample alternate conformations and the probability with which this sampling occurs is described by their energy landscape.
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The The association with the dipeptide Ala-Phe has a destabilizing eect on the IF conformation and promotes the closure of the cytoplasmic gate. Although the OF state is accessible after protonation, its free energy is ∼3.5 kcal mol −1 higher than that of the global minimum.
Therefore, for all systems the most stable states correspond to inward-facing or occluded conformations. This observation is consistent with the fact that PepT st crystallizes favorably in one of those states. 8,11,42 
Conformational transitions induced by protonation and ligand binding
We have used a number of parameters associated with both global and local conformational features of the system to characterize the behavior of the states sampled under dierent simulation conditions. In order to quantify the global conformational changes we rst measured the relative orientation of the N-and C-bundle domains of PepT st using the angle between the principal axes of each domain. This quantity is useful to inspect the global conformational changes in POT transporter since it is the main mode of motion, according to the rocker switch mechanism.
8,16 Figure 4 shows the distribution of the angle between the two domains and the conformation adopted by the representative structure of the global free energy minima under each condition. bundle, occluding the binding site from the inner side of the membrane. Despite the notable dierences, this quantity is not able to distinguish between occluded and outward-facing conformations. Performing the same calculation, but using only the structures located in the second free energy minimum of P:Holo PepT st (region II of Figure 3D ), i.e, only structures with OF conformation, we obtained a distribution curve similar to that with all accessible structures.
To track the global conformational changes, we also monitored the behavior of the TM helices that form the periplasmic and cytoplasmic gates. were calculated. Likewise, the behavior of the periplasmic gate was captured by monitoring the angle between helices H1 (N-bundle) and H7 (C-Bundle). These quantities may not be able to characterize the dierent conformations that membrane transporters can assume since the interhelical angles are dened based on the roll axes of the helices and, therefore, they are considered rigid. However, as illustrated in Figure 5E Finally, we monitored the water accessibility of both cyto-and periplasmic gates to characterize the details of the alternate access mechanism. This quantity is also an indirect way to measure the substrate accessibility. Figures 6A-B show the distribution of the number of water molecules that can access the lumen from each side of the membrane. In the absence of protonation and ligand, water molecules can access the central cavity only through the cytoplasmic gate. After protonation, there is an increase in the number of water molecules in the periplasmic gate due to the opening of this gate. It is interesting to note that for P:Apo both distributions are large, which implies the coexistence of all the states in the transport process. After ligand binding the number of water molecules inside the cytoplasmic salt-brigde, we measured the R33-E300 distance (dened as the minimum distance between the potential hydrogen bond donors and acceptors of R33 and E300 side chains - Figure   7A ) for all accessible conformations obtained for each system. Figure 7B clearly illustrates a distinct behavior of the R33-E300 distance distribution in unprotonated and protonated systems. As expected, after protonation, Glu300 cannot form a salt-bridge with Arg33.
The calculation of the frequency of occurrence of the R33-E300 salt-bridge for each state of the transport mechanism reveals that this interaction occurs approximately in 90% of all the structures adopting the occluded and inward facing conformations for unprotonated systems. Therefore, the hypothesis that those salt-bridges play a pivotal role controlling transitions toward outward facing conformations is supported. However, even after protonation, we observed that OC conformations are stable, as shown by the free energy proles.
Analysis of the structures in the OC state for protonated systems identied a new salt-bridge that occurs only after protonation. Protonation disrupts the R33-E300 salt-bridge, however, in protonated systems, this interaction is replaced by R33-E299 salt-bridge. Although this new salt-brigde is less frequent than R33-E300, it has been observed in around 60% of all structures adopting the OC conformation for P:Apo and P:Holo systems and may be important controlling OC↔OF transitions ( Figure 7C ). Glu299 was proposed as being essential to maintain the structure of PepT st . Mutations in this residue to alanine, glutamine or conservative aspartic acid resulted in a protein too unstable to be produced.
8
Other salt-bridges were identied in the accessible conformations of PepT st (Figure 8 ).
Three of these (E22-K126, E25-K126, R53-E312) have been previously described by Fowler et al. 10 The rst two salt-bridges were found to be uniformly distributed across all the states.
The third interaction (R53-E312) only occurs in around 15% and 5% of IF and OC conformations, respectively, and should not be critical to maintain these conformations. Mutations 
4 Conclusions
We have performed a series of adaptive biasing force molecular dynamics simulations to map the conformational free energy prole of PepT st and study how protonation and peptide binding aects the dynamic properties of this transporter.
The free energy proles obtained allowed us to propose general models for proton and ligand related conformational changes of the transporter. In the absence of ligand and protonation, PepT st is able to shit between IF and OC conformations. However, OF conformation are not thermodynamically accessible. In this condition, the most stable conformation is the inward-facing state, justifying the fact that the majority of the POTs crystallographic structures are obtained in this conformation.
Protonation perturbs the free energy surface and the dierences in the free energy proles clearly indicate a distinct behavior in the dynamic of PepT st . After protonation in Glu300, the Arg33-Glu300 salt-bridge is broken, which increases the exibility of the periplasmic gate. In the absence of ligand, all the three states (IF, OC and OF) of the transport mechanism are thermodynamically accessible. However, only the inward-facing conformation corresponds to a stable state, i.e., is associated with a free energy minimum. The dierences in the accessible conformations before and after protonation suggest that the protonation is essential to promote conformational transitions toward the OF conformation, and this might be the initial step in the mechanism of transport.
Ligand binding, on the other side, does not seem to perturb the periplasmic gate. The narrow free energy well obtained indicates a high stabilization of the occluded conformation, which is supported by all the measures associated with global and local conformational changes. In the presence of ligand and protonation, two minima with small free are present, and transitions between these minima are also of low energy. The presence of the second free energy minimum localized in coordinates associated with OF conformation indicates that protonation and ligand binding stabilizes the outward-facing conformation. Two salt-bridges (Asp79-Lys413 and Asp145-Lys347) were observed only in structures exhibiting outwardfacing conformation, and were predicted to stabilize this conformation. At the same time, the presence of Ala-Phe after protonation perturbs the inward-facing conformation, increasing its energy.
This study presented a detailed picture of local and global conformational changes in terms of various parameters. Although our simulations conrm the global motions of the the N-and C-terminal domains relative to one another, a literal rocker-switch mechanism, based on rigid domain movements, is not sucient to describe IF↔OF transitions. Our results indicate the coupling between local conformational changes and the exibility of cyto-and periplasmic gates. In conjunction with previous experimental and simulation data, this work contributes toward a denitive model of POTs transport mechanism.
